The variable displacement pump control system has greater energy-saving advantages and application prospects than the valve control system. However, the variable displacement pump control of differential cylinder is not concurrent with the existing technologies. The asymmetric pump-controlled cylinder is, therefore, used to balance the unequal volume flow through a single rod cylinder in closed-circuit system. This is considered to be an effective method. Nevertheless, the asymmetric axial piston pump (AAPP) is a constant displacement pump. In this study, variable-displacement asymmetric axial piston pump (VAPP) is investigated according to the same principle used in investigating AAPP. This study, therefore, aims at investigating the characteristics of VAPP. The variable-displacement output of VAPP is implemented by controlling the swash plate angle with angle feedback control circuit, which is composed of a servo proportional valve and an angular displacement sensor. The angular displacement sensor is connected to the swash plate. The simulation model of VAPP, which is set up through the ITI-SimulationX simulation platform, is used to predict VAPP's characteristics. The purpose of implementing the experiment is to verify the theoretical results. Both the simulation and the experiment results demonstrated that the swash plate angle is controlled by a variable mechanism; when the swash plate angle increases, the flow of Port B and Port T increases while the response speed of Port B and Port T also accelerates. When the swash plate angle is constant, the flow of Port B and Port T increases along with the increase of pump speed, although the pressure-response speed of Port B is faster than that of Port T. Consequently, the flow pulsation of Port B and Port T tends to decrease gradually along with the increase of pump speed.
Introduction
Electro-hydraulic system is widely used in a number of factories and mobile machines such as excavators and cranes. Its hydraulic system has very high power density compared to electricity-
Operation Principle of VAPP
Considering variable control, the variable-displacement mechanism of VAPP includes manual control, mechanical control, electric control, hydraulic control and electro-hydraulic control for it to achieve displacement control, pressure control, flow control, power control and some composite control. As per the AAPP's control differential cylinder hydraulic system requirements, the variable-displacement control unit is composed of a servo-proportional valve and symmetric hydraulic control cylinder (SHCC) (as shown in Figure 1a ). The servo proportional valve and the angular displacement sensor, steadily connected with the swash plate, are used to compose the closed-loop control mode. By controlling the size and direction of swash plate angle of the asymmetric pump, the control of VAPP bi-directional variable displacement is attained. Thus, it meets the condition of quick dynamic response and optimal energy efficiency. Figure 1b illustrates the loop principle to control differential cylinder. In Figure 1 , Port A, Port B and Port T are the inlet/outlet openings in the valve plate.
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The Mathematical Model of VAPP
AAPP has 40 cc/rev geometric volume. The design parameters of the AAPP are shown in the literature [10] . The principle of variable-displacement asymmetric pump is indicated in Figure 2 . VAPP uses a variable mechanism to adjust the swash plate angle in this way so that it can control the size and direction of displacement. By setting unidirectional unloading triangular tank in the distribution plate, VAPP can reduce the impact of pressure pulsation. The angle β of the swash plate type VAPP is one of the key parameters of displacement control. In the variable mechanism, xi is the displacement of spool deviated from the zero location. When the solenoid receives a control signal, a proportional electromagnetic force acts on the spool and causes it to move against the return spring. Valve ports on both sides of the servo valve are open; high-pressure oil in the hydraulic system flows from the servo valve into the SHCC chamber. In this process, the piston rod moves x0, and makes the swash plate to rotate β0 degrees. At this time, the servo valve opening size is expressed as xv = x0 − xi. The hydraulic oil in the other chamber of the SHCC flows back to the tank through the other opening of the servo valve, and vice versa. Figure 3 shows the control relation diagram of the asymmetric pump variable mechanism. 
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AAPP has 40 cc/rev geometric volume. The design parameters of the AAPP are shown in the literature [10] . The principle of variable-displacement asymmetric pump is indicated in Figure 2 . VAPP uses a variable mechanism to adjust the swash plate angle in this way so that it can control the size and direction of displacement. By setting unidirectional unloading triangular tank in the distribution plate, VAPP can reduce the impact of pressure pulsation. The angle β of the swash plate type VAPP is one of the key parameters of displacement control. In the variable mechanism, xi is the displacement of spool deviated from the zero location. When the solenoid receives a control signal, a proportional electromagnetic force acts on the spool and causes it to move against the return spring. Valve ports on both sides of the servo valve are open; high-pressure oil in the hydraulic system flows from the servo valve into the SHCC chamber. In this process, the piston rod moves x0, and makes the swash plate to rotate β0 degrees. At this time, the servo valve opening size is expressed as xv = x0 − xi. The hydraulic oil in the other chamber of the SHCC flows back to the tank through the other opening of the servo valve, and vice versa. Figure 3 shows the control relation diagram of the asymmetric pump variable mechanism. The angle β of the swash plate type VAPP is one of the key parameters of displacement control. In the variable mechanism, x i is the displacement of spool deviated from the zero location. When the solenoid receives a control signal, a proportional electromagnetic force acts on the spool and causes it to move against the return spring. Valve ports on both sides of the servo valve are open; high-pressure oil in the hydraulic system flows from the servo valve into the SHCC chamber. In this process, the piston rod moves x 0 , and makes the swash plate to rotate β 0 degrees. At this time, the servo valve The connection between the displacement of piston rod xp and the rotated degree of swash plate β can be expressed as
In the equation, Ld is the force arm of the SHCC, which acts on the swash plate. Note VAPP rotation speed is n, and the number of pistons is z. Thus, the average theory flow is given by 2 pt tan = 2 cos +tan sin
where dk is the plunger diameter and R is the distribution circle radius of the plunger, β is the tilted degree of the swash plate, z is the number of pistons, and γ is the degree between the piston axis and the cylinder axis. Therefore, the instantaneous flow Qpi of ith piston is expressed as 2 pi sin = 4 cos ( cos sin )
where φi is the round angle of the ith cylinder, and ω is the rotational speed of the cylinder block.
For a VAPP with an odd number of pistons, if the conditions
are met, then the instantaneous output flow Qp of VAPP is given by 2 1 ( t a n ) sin = 4 cos ( cos tan )
For the instantaneous cylinder pressure, pki with respect to the angular position of the cylinder block, φ, with φ = ω•t and dφ = ω•dt, is given by Reference [12, 13] 
where pdi is the pump delivery pressure, pki is the instantaneous pressure of ith piston chamber, ρ is the density of oil, Cd is the flow discharge coefficient, Aop is the instantaneous discharge area of ith piston, Vo is the nominal volume of a piston chamber when the swash plate angle a is zero, and E is the oil bulk modulus which is affected by pressure and temperature [14] . When swash plate angle β was changed, the angular acceleration of the slipper relative to the cylinder is expressed as The connection between the displacement of piston rod x p and the rotated degree of swash plate β can be expressed as
In the equation, L d is the force arm of the SHCC, which acts on the swash plate. Note VAPP rotation speed is n, and the number of pistons is z. Thus, the average theory flow is given by
where d k is the plunger diameter and R is the distribution circle radius of the plunger, β is the tilted degree of the swash plate, z is the number of pistons, and γ is the degree between the piston axis and the cylinder axis. Therefore, the instantaneous flow Q pi of ith piston is expressed as
where φ i is the round angle of the ith cylinder, and ω is the rotational speed of the cylinder block. For a VAPP with an odd number of pistons, if the conditions 0
2 are met, then the instantaneous output flow Q p of VAPP is given by
For the instantaneous cylinder pressure, p ki with respect to the angular position of the cylinder block, φ, with φ = ω·t and dφ = ω·dt, is given by Reference [12, 13] :
where p di is the pump delivery pressure, p ki is the instantaneous pressure of ith piston chamber, ρ is the density of oil, C d is the flow discharge coefficient, A op is the instantaneous discharge area of ith piston, V o is the nominal volume of a piston chamber when the swash plate angle a is zero, and E is the oil bulk modulus which is affected by pressure and temperature [14] .
When swash plate angle β was changed, the angular acceleration of the slipper relative to the cylinder is expressed as
The variable resistance torque, M d , needs to be overwhelmed for the symmetric hydraulic control cylinder to control the swash plate angle. Variable resistance torque M d -mainly includes torque M h -acting on the swash plate by the hydraulic pressure through the piston, M bf -friction resistance torque of spherical hinge, M ph -resistance torque (inertia force) of slipper component acting on the swash plate, M sf -sliding friction resistance torque of the swash plate, and M if -inertia resistance torque of the swash plate itself. When M if is ignored, the variable resistance torque is expressed as
where p d is the pump delivery pressure, α is the angle between piston hole, m ps is the sum of the mass of piston and shoe, r is the radius of ball head, and f 1 is the sliding friction coefficient between the swash plate and the shoe. f 2 is the sliding friction coefficient between the ball head and the shoe. f 2 = 0.08. The variable resistance F Lb controlling the swash plate angle is given by
The flow continuity equation for the variable cylinder is expressed as
C tb is the total leakage coefficient of the variable cylinder which is equal to the sum of the internal and external leakage coefficients of the variable cylinder C tb = C ib + C eb
.
It is assumed that the oil in the variable system cannot be compressed while ignoring the leakage of the oil in the system. The dynamic equations of the variable system is, therefore, expressed as
where m is the mass of moving parts, B p is the viscous damping coefficient, A p is the effective area of piston, q is the flow in/out of hydraulic cylinder when load is driven, and K sb is the spring stiffness loaded on the variable cylinder. The total hydraulic spring stiffness K h of the two chambers of the variable cylinder is the displacement function of the piston position. This can be given by the following equation
where V 01 is the initial volume of oil entering the chamber in the variable cylinder, and V 02 is the initial volume of oil taken back from the chamber in the variable cylinder. When V 01 = V 02 or the piston locates in the middle position, K h is the minimum. At this time, the variable cylinder has the lowest natural frequency and the stability of the system is the worst.
Variable system non-damping hydraulic natural frequency is given by
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The damping ratio of variable system is expressed as
In the equation K ce = K c + C tb , K ce is the total flow-pressure coefficient of the system, whereas K c is the flow-pressure coefficient which represents the change of flow caused by changed pressure.
The Simulation Analysis of VAPP
The simulation model of variable mechanism of asymmetric pump is shown in Figure 4 . According to the above mathematical analyses, VAPP simulation model is built by the simulationX. In Figure 4 , Port A is the inlet of the pump, while Ports B and T are the outlets. Conversely when Port A is the outlet, Ports B and T are the inlets. The flow ratio of A and B is 2:1, In this case, the pump can be used for driving asymmetric enforcement component. The model is composed of the variable mechanism and an asymmetric pump. The variable mechanism is composed of variable piston, variable spring, angle displacement sensor, servo proportional valve and a constant pressure source.
In the equation Kce = Kc + Ctb, Kce is the total flow-pressure coefficient of the system, whereas Kc is the flow-pressure coefficient which represents the change of flow caused by changed pressure.
The simulation model of variable mechanism of asymmetric pump is shown in Figure 4 . According to the above mathematical analyses, VAPP simulation model is built by the simulationX. In Figure 4 , Port A is the inlet of the pump, while Ports B and T are the outlets. Conversely when Port A is the outlet, Ports B and T are the inlets. The flow ratio of A and B is 2:1, In this case, the pump can be used for driving asymmetric enforcement component. The model is composed of the variable mechanism and an asymmetric pump. The variable mechanism is composed of variable piston, variable spring, angle displacement sensor, servo proportional valve and a constant pressure source. The oil pushed by constant pressure source flows in SHCC through servo-proportional valves, and overcomes FLb, which is the resultant force of variable spring force, inertial force of variable spring force, inertial force of the swash plate and piston, and the disturbance torque. The oil pushes the variable piston and the swash plate articulated with it. Further, PID controls the flow of servo-proportional valves dependent on the difference valve on the control signal and the angular displacement sensors.
When the angle of swash plate in the simulation model of AAPP is set at 18°, and the pump speed, n, is 600 rpm, the pressure loaded on Ports B and T is 0 MPa while the oil supply pressure of The oil pushed by constant pressure source flows in SHCC through servo-proportional valves, and overcomes F Lb , which is the resultant force of variable spring force, inertial force of variable spring force, inertial force of the swash plate and piston, and the disturbance torque. The oil pushes the variable piston and the swash plate articulated with it. Further, PID controls the flow of servo-proportional valves dependent on the difference valve on the control signal and the angular displacement sensors.
When the angle of swash plate in the simulation model of AAPP is set at 18 • , and the pump speed, n, is 600 rpm, the pressure loaded on Ports B and T is 0 MPa while the oil supply pressure of variable mechanism P sb is 3 MPa and the friction resistance of variable mechanism is 600 N. Consequently, choosing stiffness of variable spring is 40 N/mm, 50 N/mm and 60 N/mm respectively, which regulates the PID value to produce overshoot of piston displacement consistent in those cases.
The displacement and force of variable piston is clearly presented in Figure 5 . The variable piston responses are shown to be quick and able to reach the maximum displacement first when the angle of swash plate increases from 0 • to 18 • , and the stiffness of spring K sb is 60 N/mm. At this time, the variable force F Lb is the maximum, at about 1750 N.
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(a) (b) Similarly, when the angle of swash plate in the simulation model of AAPP is 18°, and the speed of the pump is 600 rpm, then pressure loaded on Ports B and T is 0 MPa, Ksb is 50 N/mm, and friction resistance of variable mechanism is 600 N. The supply oil pressures of the variable mechanism Psb are 3 MPa, 4 MPa and 5 MPa, respectively, regulating PID value to generate an overshoot of piston displacement consistent in those cases. The displacement and force of variable piston is shown in Figure 6 , in which the angle of swash plate increases from 0° to 18°. The figure also illustrates that the variable piston responds quickly and reaches the maximum displacement first when oil supply pressure is 3 MPa. In order to avoid the mechanical impact of variable piston in the extreme position, it is needed to adjust PID parameter according to the change of parameter of variable mechanism.
(a) (b) Figure 6 . The displacement and force of the variable piston: (a) the piston stroke, X; and (b) the cylinder force F.
Equation (3) shows that the oil sucked and discharged by each piston chamber changes with the sine law. Conversely, Equation (5) indicates that the pressure of piston chamber is approximately equal to the atmospheric pressure during the suction phase, and was affected by the parameters Qpi, ω, Cd, ρ and E during the discharge oil phase. When VAPP speed is set at 1500 r/min and angle as 10°, Similarly, when the angle of swash plate in the simulation model of AAPP is 18 • , and the speed of the pump is 600 rpm, then pressure loaded on Ports B and T is 0 MPa, K sb is 50 N/mm, and friction resistance of variable mechanism is 600 N. The supply oil pressures of the variable mechanism P sb are 3 MPa, 4 MPa and 5 MPa, respectively, regulating PID value to generate an overshoot of piston displacement consistent in those cases. The displacement and force of variable piston is shown in Figure 6 , in which the angle of swash plate increases from 0 • to 18 • . The figure also illustrates that the variable piston responds quickly and reaches the maximum displacement first when oil supply pressure is 3 MPa. In order to avoid the mechanical impact of variable piston in the extreme position, it is needed to adjust PID parameter according to the change of parameter of variable mechanism.
Equation (3) shows that the oil sucked and discharged by each piston chamber changes with the sine law. Conversely, Equation (5) indicates that the pressure of piston chamber is approximately equal to the atmospheric pressure during the suction phase, and was affected by the parameters Qpi, ω, Cd, ρ and E during the discharge oil phase. When VAPP speed is set at 1500 r/min and angle as 10°, Equation (3) shows that the oil sucked and discharged by each piston chamber changes with the sine law. Conversely, Equation (5) indicates that the pressure of piston chamber is approximately equal to the atmospheric pressure during the suction phase, and was affected by the parameters Q pi , ω, C d , ρ and E during the discharge oil phase. When VAPP speed is set at 1500 r/min and angle as 10 • , and the pressure of Ports B and T relief valve are set at 0 MPa in the simulation model, then the pressure and the flow curve of one of the piston chambers is as depicted in Figure 7 . The figure shows that the pressure of piston chamber remains constant at around 0 MPa from interval bottom dead center (BDC) to top dead center (TDC) in Port A. The pressure of Port A suddenly rises to about 6 MPa when piston passes TDC. It then reduces to about 4 MPa when piston passes the non-dead point triangular groove and reaches Port T. The pressure of piston chamber reduces to about 0 MPa periodically when piston passes Port B, Port T, BDC and reaches Port A. The reason for the above phenomenon is that the high pressure oil in the oil discharging port pours into piston chamber instantaneously when the piston filled with low pressure oil move from oil suction Port A to oil discharge port. Because the piston rotates constantly, the pressure in the piston chamber increases gradually. The piston begins to discharge oil when the pressure in the chamber is the same as the pressure in the oil discharging port. At this time, because of the inertia of the fluid and the damping effect of the distribution flow port, the resistance of discharged oil is high at the beginning while the pressure in the piston chamber exceeds the discharging pressure, thus becoming positive pressure overshoot. As the piston moves from the oil discharging port to the oil suction port, the high oil pressure port is connected with the low oil pressure port in the piston chamber. Therefore, pressure is released, therefore, pressure is released and therefore overshoots. This periodic change of the pressure and flow causes a periodic pulsation of the oil in the piston chamber. The reason for the above phenomenon is that the high pressure oil in the oil discharging port pours into piston chamber instantaneously when the piston filled with low pressure oil move from oil suction Port A to oil discharge port. Because the piston rotates constantly, the pressure in the piston chamber increases gradually. The piston begins to discharge oil when the pressure in the chamber is the same as the pressure in the oil discharging port. At this time, because of the inertia of the fluid and the damping effect of the distribution flow port, the resistance of discharged oil is high at the beginning while the pressure in the piston chamber exceeds the discharging pressure, thus becoming positive pressure overshoot. As the piston moves from the oil discharging port to the oil suction port, the high oil pressure port is connected with the low oil pressure port in the piston chamber. Therefore, pressure is released, therefore, pressure is released and therefore overshoots. This periodic change of the pressure and flow causes a periodic pulsation of the oil in the piston chamber. Piston speed is set at 900 r/min in the VAPP and the angle of the swash plate is 8°, 10° and 12°. Port A of the valve plate is for sucking oil, while Port B and Port T of the valve plate are for discharging oil. The flow of Ports B and T changes over time, as shown in Figure 8 . The flow of Ports B and T increases along with the increase in the swash plate angle so that it could realize control of variable mechanism, as detailed in Figure 2 . The angle of the indexing circle corresponding with Port B and T of valve plate is 60° and 40°, respectively. When the angle of swash plate is 12°, the flow of Port B is about 10.5 L/min while the flow of Port T is about 7.3 L/min. Since the indexing circle angle of Port B is bigger than that of Port T, the flow pulse period of Port B is longer than that of Port T. In addition, the flow crest of Port B is higher than that of Port T. Piston speed is set at 900 r/min in the VAPP and the angle of the swash plate is 8 • , 10 • and 12 • . Port A of the valve plate is for sucking oil, while Port B and Port T of the valve plate are for discharging oil. The flow of Ports B and T changes over time, as shown in Figure 8 . The flow of Ports B and T increases along with the increase in the swash plate angle so that it could realize control of variable mechanism, as detailed in Figure 2 . The angle of the indexing circle corresponding with Port B and T of valve plate is 60 • and 40 • , respectively. When the angle of swash plate is 12 • , the flow of Port B is about 10.5 L/min while the flow of Port T is about 7.3 L/min. Since the indexing circle angle of Port B is bigger than that of Port T, the flow pulse period of Port B is longer than that of Port T. In addition, the flow crest of Port B is higher than that of Port T.
The angle of swash plate is set at 10 • in the VAPP simulation model, pump speed at 600 rpm, 900 rpm and 1200 rpm, separately, and the pressure loaded on Ports B and T is 0 MPa. The flow of Port B and Port T changes over time, as shown in Figure 9 . As detailed in Figure 9 , when the swash plate angle is constant, the flow of Ports B and T increases along with the increase of pump speed and the flow pulsation decreasing along with the increase of pump speed. When the pump speed is 1200 r/min, the flow of Port B is about 11 L/min, whereas the flow of Port T is about 7.8 L/min. The angle of swash plate is set at 10° in the VAPP simulation model, pump speed at 600 rpm, 900 rpm and 1200 rpm, separately, and the pressure loaded on Ports B and T is 0 MPa. The flow of Port B and Port T changes over time, as shown in Figure 9 . As detailed in Figure 9 , when the swash plate angle is constant, the flow of Ports B and T increases along with the increase of pump speed and the flow pulsation decreasing along with the increase of pump speed. When the pump speed is 1200 r/min, the flow of Port B is about 11 L/min, whereas the flow of Port T is about 7.8 L/min. When the pump speed is set at 600 r/min, the angle of swash plate separately at 8°, 10° and 12°, and the pressure loaded on Ports B and T are 0 MPa and 10 MPa, separately, the flow of Ports B and T and the pressure of piston chamber are as indicated in Figure 10 . It is observable from Figure 10a that the larger swash plate angle may make the pump to reach the set speed more quickly. In addition, it is evident from Figure 10a ,c that the flow of Ports B and T increase along with the increase of swash plate angle. Since the working pressure of Port B was setting at 10 MPa, the flow pulsation decreases along with the increase of the swash plate angle, while the flow pulsation of Port T does not change significantly. It is evident from Figure 10d that although the working pressure of Port B is constant, the pressure of piston chamber increases along with the increase in the swash plate angle. When the swash plate angle is 8°, the maximum pressure of piston chamber is 11 MPa. However, when the swash plate angle is 12°, the maximum pressure of piston chamber is 13 MPa. The angle of swash plate is set at 10° in the VAPP simulation model, pump speed at 600 rpm, 900 rpm and 1200 rpm, separately, and the pressure loaded on Ports B and T is 0 MPa. The flow of Port B and Port T changes over time, as shown in Figure 9 . As detailed in Figure 9 , when the swash plate angle is constant, the flow of Ports B and T increases along with the increase of pump speed and the flow pulsation decreasing along with the increase of pump speed. When the pump speed is 1200 r/min, the flow of Port B is about 11 L/min, whereas the flow of Port T is about 7.8 L/min. When the pump speed is set at 600 r/min, the angle of swash plate separately at 8°, 10° and 12°, and the pressure loaded on Ports B and T are 0 MPa and 10 MPa, separately, the flow of Ports B and T and the pressure of piston chamber are as indicated in Figure 10 . It is observable from Figure 10a that the larger swash plate angle may make the pump to reach the set speed more quickly. In addition, it is evident from Figure 10a ,c that the flow of Ports B and T increase along with the increase of swash plate angle. Since the working pressure of Port B was setting at 10 MPa, the flow pulsation decreases along with the increase of the swash plate angle, while the flow pulsation of Port T does not change significantly. It is evident from Figure 10d that although the working pressure of Port B is constant, the pressure of piston chamber increases along with the increase in the swash plate angle. When the swash plate angle is 8°, the maximum pressure of piston chamber is 11 MPa. However, when the swash plate angle is 12°, the maximum pressure of piston chamber is 13 MPa. When the pump speed is set at 600 r/min, the angle of swash plate separately at 8 • , 10 • and 12 • , and the pressure loaded on Ports B and T are 0 MPa and 10 MPa, separately, the flow of Ports B and T and the pressure of piston chamber are as indicated in Figure 10 . It is observable from Figure 10a that the larger swash plate angle may make the pump to reach the set speed more quickly. In addition, it is evident from Figure 10a ,c that the flow of Ports B and T increase along with the increase of swash plate angle. Since the working pressure of Port B was setting at 10 MPa, the flow pulsation decreases along with the increase of the swash plate angle, while the flow pulsation of Port T does not change significantly. It is evident from Figure 10d that although the working pressure of Port B is constant, the pressure of piston chamber increases along with the increase in the swash plate angle. When the swash plate angle is 8 • , the maximum pressure of piston chamber is 11 MPa. However, when the swash plate angle is 12 • , the maximum pressure of piston chamber is 13 MPa. In the VAPP model, when the pump speed is set at 600 r/min, the angle of swash plate is 8°, 10° and 12°, separately, and the pressure loaded on Port B and Port T are 0 MPa and 10 MPa, respectively. Under these circumstances, the flow of Ports B and T is as shown in Figure 11 . As evident in Figure 11a , the flow of Port B has flow pulsation of about 2 L/min when swash plate angle is 8°, 10° and 12°. As Figure 11b details, the flow of Port T changes in the periodic law, although there is an observed discontinuous flow. The reason for this phenomenon is that the pressure is loaded on Port T, thus the internal flow from Port T to Port B is increased. In the actual work of the pump, the phenomenon is not allowed. Therefore, Port T cannot be loaded alone or the pressure loaded on Port T cannot exceed the pressure which is loaded on Port B in the practical applications of VAPP. In the VAPP model, when the pump speed is set at 600 r/min, the angle of swash plate is 8 • , 10 • and 12 • , separately, and the pressure loaded on Port B and Port T are 0 MPa and 10 MPa, respectively. Under these circumstances, the flow of Ports B and T is as shown in Figure 11 . As evident in Figure 11a , the flow of Port B has flow pulsation of about 2 L/min when swash plate angle is 8 • , 10 • and 12 • . As Figure 11b details, the flow of Port T changes in the periodic law, although there is an observed discontinuous flow. The reason for this phenomenon is that the pressure is loaded on Port T, thus the internal flow from Port T to Port B is increased. In the actual work of the pump, the phenomenon is not allowed. Therefore, Port T cannot be loaded alone or the pressure loaded on Port T cannot exceed the pressure which is loaded on Port B in the practical applications of VAPP.
When the pump speed is set at 600 r/min, the angle of swash plate β is 8 • , 10 • and 12 • , separately, and the pressure loaded on Ports B and T is 10 MPa. The pressure and flow of Port B, Port T and the piston chamber are as illustrated in Figure 12 . As presented in Figure 12a ,b, when the swash plate angle is big, the response of Port B and Port T is quick. Figures 10a and 12c display that when the pressure loaded on Port T is constant, more pressure is loaded on Port B and the flow becomes less. By comparing Figures 8 and 11 , it can be deduced that when the pressure difference between B and T is great, the flow pulsation amplitude is large, and vice versa. The reason for this phenomenon is that the pressure difference between Port B and Port T is large. Therefore, the flow between Port B and Port T flow from the high-pressure area to the low-pressure area. It means that the flow would be stable if the pressure is loaded simultaneously on Port B and Port T of the VAPP. As illustrated in Figure 12e , when the swash plate angle is 12 • , the pressure pulsation amplitude in the piston chamber is about 2 MPa. However, when the swash plate angle is 8 • the pressure pulsation amplitude is 1 MPa. In conclusion, for VAPP, when two discharging ports are under the same pressure, the pressure pulsation of the piston chamber increases along with the increase in the swash plate angle.
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In the VAPP model, pump speed is set at 1200 r/min, the angle of swash plate β separately is 8°, 10° and 12°, and the pressure loaded on Ports B and Port T is 10 MPa. Under this working condition, the pressure change overtime of Port B and Port T is as displayed in Figure 13 . As shown in Figure 13a , when β = 8°, the pressure gradient stabilization time of Port B and Port T is 140 ms and 170 ms, respectively. When β = 12°, the pressure gradient stabilization time of Port B and Port T is 80 ms and 120 ms, respectively. This indicates that the larger the angle of the swash plate is, the quicker the pressure response speed of the discharging port is. In addition, the system can reach a stable situation more quickly under the condition of even load. When the swash plate angle is constant, the response of Port B is quicker than for Port T. (a) (b) Figure 13 . Ten megapascals load in Slots B and T, respectively at 1200 rpm: (a) Port B output pressure; and (b) Port T output pressure.
The Verification Experiment of VAPP
According to the controlling method of variable mechanism in Figure 2 , the principle of characteristic test of VAPP variable displacement is shown in Figure 14 . The variable displacement system of asymmetric pump controls the angle and direction of the swash plate by controlling the flow direction of oil and the opening area of servo-proportional valve. Thus, it can achieve accurate control of asymmetric pump displacement through setting the initial state of the swash plate at meso-position, or setting the swash plate angle at 0°. Pump 4 supplies oil for the left chamber when Valve 3 is in the left position. The swash plate articulated with the slider in the variable cylinder rotates clockwise in this process, as chamber sucks the oil but Port B and Port T discharge oil. When Valve 3 is in a meso-position, the two chambers of variable cylinders do not suck oil, and when the swash plate is in meso-position and A, B and T chambers do not discharge oil. When Valve 3 is in the right position, Pump 4 supplies oil to the right chamber, but this time, the swash plate rotates anticlockwise and Chambers B and T suck the oil, while Chamber A discharges the oil. Among them, dSpace can collect the angle signal of the swash plate and send accurate control signals to the servo-proportion valve. The loading on discharging Port B and Port T is realized by the relief valves. Figure 15 is the image of the VAPP that is used for the experiment, the physical photo of VAPP and test scene of VAPP can be found in Supplementary Materials. The angle displacement sensor, whose mode is MIDORI PRECISIONS CP-2UK-R260, is used for measuring the swash plate angle. The maximum input voltage of the sensor is 8 V, and it can detect the angle within ± 30 degrees. In the VAPP model, pump speed is set at 1200 r/min, the angle of swash plate β separately is 8 • , 10 • and 12 • , and the pressure loaded on Ports B and Port T is 10 MPa. Under this working condition, the pressure change overtime of Port B and Port T is as displayed in Figure 13 . As shown in Figure 13a , when β = 8 • , the pressure gradient stabilization time of Port B and Port T is 140 ms and 170 ms, respectively. When β = 12 • , the pressure gradient stabilization time of Port B and Port T is 80 ms and 120 ms, respectively. This indicates that the larger the angle of the swash plate is, the quicker the pressure response speed of the discharging port is. In addition, the system can reach a stable situation more quickly under the condition of even load. When the swash plate angle is constant, the response of Port B is quicker than for Port T. (a) (b) Figure 13 . Ten megapascals load in Slots B and T, respectively at 1200 rpm: (a) Port B output pressure; and (b) Port T output pressure.
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According to the controlling method of variable mechanism in Figure 2 , the principle of characteristic test of VAPP variable displacement is shown in Figure 14 . The variable displacement system of asymmetric pump controls the angle and direction of the swash plate by controlling the flow direction of oil and the opening area of servo-proportional valve. Thus, it can achieve accurate control of asymmetric pump displacement through setting the initial state of the swash plate at meso-position, or setting the swash plate angle at 0 • . Pump 4 supplies oil for the left chamber when Valve 3 is in the left position. The swash plate articulated with the slider in the variable cylinder rotates clockwise in this process, as chamber sucks the oil but Port B and Port T discharge oil. When Valve 3 is in a meso-position, the two chambers of variable cylinders do not suck oil, and when the swash plate is in meso-position and A, B and T chambers do not discharge oil. When Valve 3 is in the right position, Pump 4 supplies oil to the right chamber, but this time, the swash plate rotates anticlockwise and Chambers B and T suck the oil, while Chamber A discharges the oil. Among them, dSpace can collect the angle signal of the swash plate and send accurate control signals to the servo-proportion valve. The loading on discharging Port B and Port T is realized by the relief valves. Figure 15 is the image of the VAPP that is used for the experiment, the physical photo of VAPP and test scene of VAPP can be found in Supplementary Materials. The angle displacement sensor, whose mode is MIDORI PRECISIONS CP-2UK-R260, is used for measuring the swash plate angle. The maximum input voltage of the sensor is 8 V, and it can detect the angle within ± 30 degrees. The servo proportion valve, model Rexroth 4WRPEH6C4B12L-20/G24K0/A1M, is used for controlling the angle of the swash plate. The maximum input flow of the servo proportion valve is 12 L. Further, the hydraulic flow meter, whose model is PARKERSCLV-PTQ-300, is used for measuring the flow and pressure of Port B and Port T. The maximum flow and pressure which can be measured by the hydraulic flow meter is 300 L/min and 42 MPa separately. The directly operating relief valve, model HUADE DBDS6P10B/315, is used for loading on Port B and Port T. The maximum set pressure of directly operating relief is 31.5 MPa. Asymmetric pump speed is set at 600 r/min and swash plate angle at 18°. Port B and Port T take 10 MPa and 20 MPa at two levels of pressure to load, respectively. The loading condition of the test includes two kinds: loading on Port B alone and loading on both Port B and Port T. Collecting the pressure signals of Ports B and T, respectively, in the experiment. The pressure of Port B under two different pressure levels is depicted in Figure 16a , when the pressure is loaded on Port B alone. As shown in the image, the results got from the simulation process are consistent with the results obtained from the experiment. The pressure pulsation of Port B increases along with the increase of pressure loaded on Port B. The total pulsation amplitude is still small, thus the system performance is good. The pressure of Ports B and T under four pressure levels is also shown in Figure 16b ,c, Asymmetric pump speed is set at 600 r/min and swash plate angle at 18°. Port B and Port T take 10 MPa and 20 MPa at two levels of pressure to load, respectively. The loading condition of the test includes two kinds: loading on Port B alone and loading on both Port B and Port T. Collecting the pressure signals of Ports B and T, respectively, in the experiment. The pressure of Port B under two different pressure levels is depicted in Figure 16a , when the pressure is loaded on Port B alone. As shown in the image, the results got from the simulation process are consistent with the results obtained from the experiment. The pressure pulsation of Port B increases along with the increase of pressure loaded on Port B. The total pulsation amplitude is still small, thus the system performance is good. The pressure of Ports B and T under four pressure levels is also shown in Figure 16b ,c, Asymmetric pump speed is set at 600 r/min and swash plate angle at 18 • . Port B and Port T take 10 MPa and 20 MPa at two levels of pressure to load, respectively. The loading condition of the test includes two kinds: loading on Port B alone and loading on both Port B and Port T. Collecting the pressure signals of Ports B and T, respectively, in the experiment. The pressure of Port B under two different pressure levels is depicted in Figure 16a , when the pressure is loaded on Port B alone. As shown in the image, the results got from the simulation process are consistent with the results obtained from the experiment. The pressure pulsation of Port B increases along with the increase of pressure loaded on Port B. The total pulsation amplitude is still small, thus the system performance is good. The pressure of Ports B and T under four pressure levels is also shown in Figure 16b ,c, in which the pressure is loaded on Ports B and T at the same time. As detailed in the figure, the results obtained from the simulation process are consistent with the results attained from the experiment. The working pressure of Ports B and T fluctuate periodically around the loading pressure, and the system performance is good. It can also be concluded that the pressure pulsation amplitude of Port T is slightly bigger than that of Port B. The pulsation amplitude of flow increases synchronously when loading of Ports B and T is equal. Figure 16d presents the test pressure of Port B when the port is loaded alone and when Port T and Port B are loaded at the same time. The two sets of curves are measured respectively at pressure levels of 10 MPa and 20 MPa. It can be deduced from Figure 16d that pulsation amplitude of pressure when Port B is loaded alone is bigger than the pulsation amplitude of pressure when Ports B and T are loaded at the same time. The pulsation amplitude of pressure when Port B is loaded alone is 1.5 times that of when both Port T and Port B are loaded at the same time and at the pressure level of 10 MPa. The pressure pulsation amplitude when Port B is loaded alone is 2.3 times that of when Ports T and B are loaded at the same time and pressure levels of 20 MPa. When the pump speed is set at 1500 r/min and swash plate angle is 18°, the flow test result is as illustrated in Figure 17 . The no-load working condition of discharge Port B and Port T is presented in Figure 17a , whereas the working condition is indicated in Figure 17b , when discharging Port B and Port T are loaded at 10 MPa. As shown in the figure, the output flow of Ports B and T is 29 L/min and 20.5 L/min, respectively, when Port B and Port T are no-load. The output flow of Ports B and T is 24.5 When the pump speed is set at 1500 r/min and swash plate angle is 18 • , the flow test result is as illustrated in Figure 17 . The no-load working condition of discharge Port B and Port T is presented in Figure 17a , whereas the working condition is indicated in Figure 17b , when discharging Port B and Port T are loaded at 10 MPa. As shown in the figure, the output flow of Ports B and T is 29 L/min and 20.5 L/min, respectively, when Port B and Port T are no-load. The output flow of Ports B and T is 24.5 L/min and 16 L/min, respectively, when Port B and Port T are loaded with pressure of 10 MPa. The flow pulsation of each discharge oil port is small but the flow pulsation of Port T is bigger than Port B. 
Conclusions
As compared with the asymmetric axial piston pump (AAPP), the variable-displacement asymmetric axial piston pump (VAPP) can change the inlet and outlet ports of the flow directly by changing the swash plate angle of the pump. This is important in controlling the speed and position of the single rod cylinder and balancing the asymmetric flow of the two chambers of the cylinder. This method can help in reducing or eliminating the throttling losses and offer significant energy saving, at the same time. VAPP has wide application prospects in the modern engineering machinery.
Experiments and simulation results demonstrate that the operation principles of VAPP are practicable. In implementing the asymmetric pump-controlled asymmetric cylinder strategy in a closed circuit, the latest notion is suggested to counterbalance the unequal rate of flow of the asymmetric cylinder in the closed hydraulic circuit. The uniqueness of this new idea is that the innovativeness of the design as well as the valve plate's configuration in the pump is also presented. Therefore, the pump has two ports for intake as well as two delivery systems.
In the future, the variable-displacement control methods and performance would be analyzed to further enhance the dynamics of VAPP's pumping. Besides, it is recommended that its variable displacement components are studied further and designed.
Supplementary Materials: The supplementary materials are available online at http://www.mdpi.com/ 2076-3417/7/x/xx/s1, Figure S1 : The physical photo of VAPP, Figure S2 : The test scene of VAPP.
